We predict the existence of a Dirac state in a monolayer TiB 2 sheet (m-TiB 2 ), a two-dimensional metal diboride, based on first-principles calculations. The band structure of m-TiB 2 is found to be characterized with anisotropic Dirac cones with the largest Fermi velocity of 0.57 × 10 6 m/s, which is about one-half of that of graphene. The Dirac point is located at the Fermi level between the K and points, with the Dirac states arising primarily from the d orbitals of Ti. Freestanding m-TiB 2 exhibits a bending instability, so that a planar m-TiB 2 needs to be stabilized on a substrate. Boron, as the neighbor of carbon in the periodic table, has attracted enormous interest for the past few years [10, 12, 13] .
Graphene, due to its special two equivalent carbon sublattices in the honeycomb structure, has massless carriers which can be described by Dirac equations and are called Dirac fermions [1] . Such Dirac materials, with a linear band dispersion around the Fermi level, display ballistic charge transport and an enormously high carrier mobility [1] . Since Dirac fermions were first observed in graphene [1] [2] [3] , Dirac states have been proposed and studied in many other Dirac materials. These include molecular graphene [4] , janugraphene and chlorographene [5] , α-and β-graphyne [6] , strongly bound graphene/intercalated transition metal/SiC(0001) (G/i-TM/SiC) [7] , the surface of topological insulators [8] , silicene and germanene [9] , Pmmn boron [10] , and two-dimensional (2D) organic topological insulators [11] . The search for Dirac materials has been ongoing. Especially, it is interesting to go beyond the carbonic and topological materials.
Boron, as the neighbor of carbon in the periodic table, has attracted enormous interest for the past few years [10, 12, 13] .
Due to its open electron shell structure (one electron short of being half filled), B can easily bind with transition metal atoms. Up to now, many metal-boron nanostructures have been predicted, including nanotubes [14] [15] [16] [17] and nanosheets [18] [19] [20] . Especially in a planar metal-diboride structure, such as BeB 2 , B atoms form a hexagonal lattice such as graphene and Be atoms provide the missing valence electrons. As such, the charge arrangements in the B layer are very similar to graphene, suggesting a high structural stability [17] . This metal doping mechanism can be extended to other metal-diboride systems, whose electronic properties can be turned by using different metals [18] [19] [20] . Experimentally, the formation of multilayer MgB 2 sheets on a Mg(0001) surface [21] and multilayer TiB 2 sheets at the interface of TiC and B 4 C have been reported [22] .
In this Rapid Communication, we investigate the electronic properties and stability of monolayer TiB 2 sheets (m-TiB 2 ) by using first-principles calculations. We find that m-TiB 2 turns out to be a Dirac material, exhibits Dirac cones near the Fermi level (E F ), and is characterized with a Fermi velocity that is about one-half of that of graphene. Different from the p-orbital All density functional theory (DFT) calculations are carried by using the Vienna ab initio simulation package (VASP) [23, 24] with the projector augmented wave method [25] . The local density approximation [26] in the form of Perdew-Zunger [27] is adopted for the exchange-correlation function. The energy cutoff of the plane-wave basis sets is 400 eV. The Monkhorst-Pack scheme with 27 × 27 × 1 k points is used to sample the Brillouin zone. For the model containing 4 × 4 m-TiB 2 on 5 × 5 h-BN, a 9 × 9 × 1 k-point sampling is used, and the whole h-BN substrate is fixed. For calculations of the TiB 2 nanotubes, the 1 × 1 × 27 k-point sampling is used. In all the calculations, a 15Å vacuum layer is used and all atoms are fully relaxed in geometric optimizations until the residual forces on each atom are smaller than 0.01 eV/Å. The phonon frequencies are calculated by using a supercell approach as implemented in the PHONOPY code [28, 29] .
Figure 1(a) shows the top and side views of the optimized structures of m-TiB 2 in a presumed planar structure. One unit cell contains two B atoms and one Ti atom. B atoms are arranged in a honeycomb lattice, and Ti atoms are located in the middle of the hexagons. This monolayer sheet can be considered as a one layer cutting from the bulk TiB 2 or the Ti adsorbed graphenelike B sheet. The B-B bond length l B-B is 1.79Å, which is about the same as in the bulk TiB 2 (1.73Å), but slightly larger than that of the B sheet (1.67Å) [13, 30] . The vertical distance between the Ti and B layer is 1.19Å, which is noticeably smaller than that in the bulk TiB 2 (1.575Å), indicating a much stronger interaction between the Ti atoms and B layer. The binding energy between the Ti and B layer is found to be E b = −9.17 eV/unit cell (E b = E tot − E h-BS − E Ti ). We calculated the formation energy ( E) per TiB 2 unit of m-TiB 2 relative to the TiB 2 nanotubes. The TiB 2 nanotubes tend to bend towards the B side, as shown in Fig. 1(c) . Figure 1(d) shows that m-TiB 2 is more stable than small nanotubes with a diameter less than that of the (18,0) tube, but less stable than other larger ones. This indicates a bending instability of planar m-TiB 2 into a tubular shape, an interesting point we will discuss further later on. On the other hand, we also calculated phonon-dispersion curves of m-TiB 2 , as shown in Fig. 1(b) . The absence of imaginary frequencies demonstrates the dynamical stability of m-TiB 2 .
The calculated band structures and projected density of states (PDOS) of m-TiB 2 are shown in Fig. 2(a) . The main feature of the band structure is two linear bands crossing at the E F and located at an off-symmetry D [(0.143,0.286) * 2π/a] point, between the K and points (∼0.43 − K). The PDOS shows that the Dirac states near the E F are predominantly contributed by Ti. We also plot the three-dimensional (3D) valence and conduction bands in Fig. 2(b) , which clearly show the anisotropy of the Dirac cone. The right panel of Fig. 2(b) shows the constant-energy contour for the valence band around one Dirac cone with an energy interval of 0.1 eV. The oval-shaped contour lines indicate that this Dirac cone is anisotropic with the largest Fermi velocity of 0.57 × 10 6 m/s, and the linear dispersion maintains about ±0.3 eV away from the Dirac point. Both the Fermi velocity and the energy range of the Dirac state are close to one-half of those in freestanding graphene [31] . We also checked by including spin-orbital coupling, which causes a small spin splitting of bands, but without inducing a gap (see Fig. S4 in the Supplemental Material [32] ).
To understand the origin of the Ti orbital-originated Dirac states, the band structures of a triangular Ti lattice (at the same lattice constants as in m-TiB 2 ) are calculated [blue line in Fig. 3(a) Fig. 3 (e) compared with that in Fig. 3(a) . Fig. 3(a) ]. They show very good agreement. Then, we artificially tuned the on-site energies of the nine orbitals in the TB model (shown in Table I (Table I ). Most theoretically predicted and experimentally confirmed Dirac materials, such as graphene and topological insulators, are composed of p-orbital electrons. Within the single-particle band picture, there is no difference between the d-orbital and p-orbital linear Dirac band dispersions [35, 36] . However, generally the d-orbital Dirac materials have a stronger spin exchange interaction, a larger spin-orbit coupling, and a more significant many-body correlation effect, which may yield new and rich physics, such as the anomalous quantum Hall effect [37] , Mott insulator [38] , etc. Therefore, the prediction of different d-orbital Dirac materials is of both scientific and technological interest. Specifically, the d-orbital Dirac state predicted in the m-TiB 2 has several interesting features: (1) It has a highly anisotropic Dirac band structures [right part in Fig. 2(b) ], which is desirable for manipulating the direction of electron propagation [39, 40] . (2) It has a large Fermi velocity, which is comparable to the largest value obtained in the graphene.
For most TiB 2 nanotubes [with diameters larger than that of the (18,0) tube] are more stable than m-TiB 2 [ Fig. 1(b) ], and the planar m-TiB 2 will bend into a tubular shape. Thus, a planar m-TiB 2 needs to be stabilized on a substrate to overcome its bending moment [41] . Here, we use the h-BN as the substrate, for two important reasons: (1) An infinite m-TiB 2 sheet or a wide enough m-TiB 2 nanoribbon can be Fig. 6(a) . We find that the distance between m-TiB 2 and the h-BN substrate is about 3.24Å, and the adsorption energy is 94 meV/TiB 2 . We also checked those results considering the van der Waals interactions. The resulting distance and adsorption energy is 3.08Å and 435 meV/TiB 2 . However, band structures remain the same, [32] suggesting a weak interaction between m-TiB 2 and the substrate. Consequently, the Dirac point moves to the F point in between M and K (∼0.44M − K), which is folded from the D point of the m-TiB 2 band [ Fig. 2(a) ]. Thus, we confirm that the Dirac states of m-TiB 2 can be retained on the h-BN substrate.
In conclusion, by using first-principles calculations, m-TiB 2 is demonstrated to be a Dirac material which is energetically and dynamically stable. Different from graphene, the Dirac cone is anisotropic with the largest Fermi velocity of 0.57 × 10 6 m/s, and has the characteristics of a transition metal d orbital. Further investigations show that the existence of d-band Dirac cones could be attributed to the d-band splitting of the triangular Ti layers. Calculation of m-TiB 2 on a h-BN substrate shows that the Dirac states are retained. Our study reveals a different kind of Dirac material-metal boride.
